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a b s t r a c t
The present article reports synthesis and spectroscopic analysis of Sm:BaB4O7 microﬁbers embedded in
borate glass. Structural analysis, using TEM, XRD techniques, revealed the formation of ﬁbre shaped
BaB4O7 crystals. A bright red dominated orange–red emission was observed, on 355 nm and 532 nm
excitations, in ceramic sample. Higher emission and absorption higher cross-sections were observed in
the ceramic sample than its glass counterpart. We have monitored 45% enhancement in emission
intensity ratio (4G5/2-6H9/2/G5/2-6H5/2) in glass–ceramic sample due to signiﬁcant increment in
electric dipole transition. Time resolved analysis explored a signiﬁcant alteration in the excited state
relaxation process due to annealing. Several radiative parameters like stimulated emission cross-section,
branching ratio, quantum efﬁciency etc. were estimated to explore lasing possibility in glass and ceramic
samples. We found that the quantum efﬁciency increases from 60.4% in glass to 62.7% in Sm:BaB4O7
microﬁbers embedded in glass.
& 2014 Elsevier B.V. All rights reserved.
1. Introduction
In the last two decades lanthanide (Ln) elements have exten-
sively been studied not only due to their excellent magnetic
properties but also due to exceptional optical properties. These
properties opened new avenues of applications in various diverse
ﬁelds e.g. biomedical, lasers, energy generation, telecommunica-
tions, display devices, sensors and so on [1]. Among Ln ions, the
Sm3þ ion is one of the interesting ions to explore its emissive
properties due to its possible applications in optical data storage in
high-density memory, colour displays etc [2]. Another most
exploited ﬁeld of Sm doped materials is the lasing action. Sm:
CaF2 crystals [3] were reported to lase at 708 nm while Sm
plasma is being used as the active medium for saturated X-ray
laser operating at wavelength o10 nm [4].
Several workers have investigated the spectroscopic properties
of triply ionized Samarium ion and their energy levels are
relatively well established in glasses [5–14]. Nonlinear optical
properties of borosilicate glass containing Sm ion have been
reported by Hussain et al. [11]. Jayasankar et al. has carried out
detailed energy level calculations of Sm3þ ion in borosulphate
glass [13]. Despite several reports of spectroscopic characteriza-
tions in different oxide glasses, detailed analysis in transparent
glass–ceramic hosts were still not well discussed. Glass–ceramics
are polycrystalline materials formed by controlled crystallization
of specially formulated glasses. Glass–ceramic hosts are two phase
systems consist of small crystallites embedded in the glass host.
Segregation of doped Ln ion in crystallites may provide a lower
phonon vibration ﬁeld which improve absorption and subsequent
emission characteristics. Glass ceramics contain generally a higher
mechanical and chemical stability [15,16]. Especially, borate glass–
ceramics are attractive due to their vast commercial applications in
scintillators and tissue-equivalent materials for thermolumines-
cence (TL) dosimeters, γ and neutron detectors [17–19], and
nonlinear optical ceramic properties [20,21]. Changmin et al.
reported various optical properties of Sm3þ in ﬂuoroborate cera-
mic [22]. Particularly, to grow a tetraborate single crystal is itself a
complicated job due to complex, time consuming procedures.
Keeping this view synthesizing tetraborate micro-crystallites in
glass host may be an interesting perspective in comparison with
their crystalline analogies.
In the present paper we have reported synthesis of ﬁbre shaped
Sm3þ doped BaB4O7 crystals speciﬁcally distributed on glass surface
and explored various spectroscopic properties with different con-
centration and annealing time intervals. Stimulated emission cross-
section, branching ratio, quantum efﬁciency etc. radiative para-
meters were estimated to explore lasing possibility.
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2. Materials and measurements
The chemical compositions (80x) H3BO3þ20 BaF2þx Sm2O3
where x¼0, 0.25, 0.75, 1, 1.25, 1.5 and 1.75 mol% were used to
prepare barium borate glass. All regents (H3BO3, BaF2, and Sm2O3)
used was of high purity (99.95%). Glasses were prepared using
conventional melt and quench synthesis process, similar to the
one described earlier [23]. Initially, precisely weighed ingredients
were mixed together and annealed at 120 1C to remove moisture
from powder. The well mixed starting materials were ﬁrst melted
at 900 1C in a platinum crucible for 30 min in an electric furnace.
The molten mixture (free from air bubbles) was quenched by
squeezing it into a rectangular steel cast preheated to 200 1C. The
glasses were then gradually cooled to room temperature. The
obtained glass samples were transparent and of good optical
quality. The glass samples were cut and used without polishing
for heating. However, the annealed sample was polished, to get a
uniform thickness of 2 mm, before optical measurements. Glass
ceramic was obtained by two steps thermal treatment of the ‘as
prepared’ glass sample. Glasses were ﬁrst annealed at 410 1C for
3 h and thereafter at ﬁx 540 1C, near crystallization temperature
575 1C [24], for different time durations of 8, 10, 15, 20 and 24 h
while the heating rate was 15 1C/min. After annealing, tiny crystal-
lites with the same stoichiometric composition of the as-prepared
glass were precipitated inside samples. Samples annealed for
415 h gradually become translucent due to growth of larger
crystalline size which effectively scattered ambient light and
reduces transmittance. Hereafter, glass ceramic samples are refer-
ring as GC8, GC10, GC15, GC20 and GC24.
Powder X-ray diffraction (XRD) measurements were carried out
using Cu, Kα radiation from a RINT/DMAX 2200H/PC (Rigaku,
Japan) machine having a scan speed 21/min. Data from Interna-
tional Centre for Diffraction Data (ICDD) sheet were used to
identify the crystallized phases. Optical microscopy (OM) was
performed with a Nikon™ Eclipse L150 microscope equipped with
a Nikon™ Coolpix 4.0 MP digital camera. Thickness of the crystal-
lized layer was estimated from a cross-sectional observation of the
crystallized glass layer using the same microscope. SEM measure-
ment was carried out on a JEOLTM Model JSM 5410 machine
operated at 15 kV. High resolution transmission electron micro-
scopy was carried out by means of a FEI Tecnai G2F20 electron
microscope.
Density of the samples was calculated by the Archimedes
principle while using Hexane (density¼0.655 g/cm3 at room
temperature) as an immersion liquid. Density of glass–ceramic
samples was found to be 2.38, 2.39, 2.43, 2.47, and 2.50 g/cm3
for GC8, GC10, GC15, GC20, and GC24 samples, respectively,
which is higher than the as-prepared glass 2.36 g/cm3. Refractive
indices were determined by Brewster's angle method using red
(632.9 nm) He:Ne lasers which were interference free from Sm3þ
ion absorption peaks. The absorption spectra of the samples were
recorded using Lambda 950 (Perkin Elmer, USA) in the range of
200–2300 nm. The luminescence spectra of the samples were
recorded on excitation with 532 and 355 nm radiations from a
Nd:YAG laser. An iHR320 monochromator equipped with a photo-
multiplier tube (model no. 1424M) was used to record the
dispersed luminescence. The optical resolution of luminescence
system was 0.2 nm. Photoluminescence decay curves have been
recorded using 355 nm pulsed radiation (50 mJ, 10 Hz, pulse
width 7 ns) of Nd:YAG laser and 325 nm of He–Cd laser. The
collected signal was fed to a 1 GHz digital oscilloscope and the
decay curves were obtained for further analysis. Lifetimes of the
radiative levels were estimated by ﬁtting as exponential function
to the recorded curves.
3. Results and discussion
3.1. Structural characterizations
Prepared glass samples were undergone through heat treat-
ment at ﬁx temperature (540 1C) for different time durations. Due
to annealing, near crystallization temperature, structural relaxa-
tion occurs to achieve most stable microstructures. We analyses
evolution of microstructure at different growth stages using a
Confocal microscope. Samples heated for 415 h became translu-
cent and on further annealing it converted glasses of milky white
colour and opaque. Microstructure precipitate for GC15 clearly
shows the crystallization preferably occurs near the surface [Fig. 1
(A)]. We measure thickness of crystallized layer 0.2 mm how-
ever it increased to 0.5 mm in case of GC24. It has been reported
that the crystallization of glasses containing BaO and B2O3 pre-
ferably favour surface crystallization, and in some cases only the
BaB4O7 crystals were nucleated [25]. In case of non-stoichiometry
glass phase with respect to crystal, surface crystallization prefer-
ably takes place near the glass surface since nucleation at the
surface of the glasses occurs more easily than inside the matrix.
Scanning electron microscope image of the crystallized layer
shows inhomogeneously distributed, dense stacks of long ﬁbrous
and lamellar microstructures with length 420 mm and uniform
diameter 0.28 mm [Fig. 1].
We also monitor transmission electron microscope images of
crushed GC15 sample [see Fig. 2]. Image reveals formation of tiny
Fig. 1. Optical microscope image of unpolished glass–ceramic GC15 (A) and
scanning electron microscope image (B) of the same glass.
Fig. 2. Transmission electron microscope image of GC15 and diffraction pattern
(inset).
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crystals which was further evaluated using selected area diffrac-
tion patterns. However, it is very difﬁcult to ﬁnd neat diffraction
pattern and index due to interference of nearby or overlapped
nanocrystals.
To estimate the microstructural changes and precipitated
phases on annealing, X-ray diffraction patterns were recorded.
Fig. 3 shows the X-ray diffraction patterns of glass and glass–
ceramic samples, together with the reference of the BaB4O7 (JCPDS
ﬁle no. 15-0860) crystals. It can be seen that the ‘as prepared’ glass
did not show sharp peaks, but the characteristic broad humps of
the amorphous materials. However, the glassy state tends to fade
away, resulting in glass–ceramic, on annealing and several sharp
peaks are seen overlying the broad humps those were indexed to
monoclinic cell of the BaB4O7 crystals. Since the diffraction peaks
overlying the broad humps peak intensity difference observed in
comparison with JCPDS ﬁle no. 15-0860 [26]. These crystals belong
to space group P21/c (14), and lattice parameters a¼10.58, b¼8.19,
c¼13.04, β¼105.1. Comparing the integral intensity of the amor-
phous halos and the crystalline phase in XRD patterns of glass and
GC15, it reveals 30–35% volume fraction was crystallized. The
average crystallite size of the BaB4O7 crystals was calculated using
the Scherrer formula and found to be 170 nm.
3.2. Absorption spectra
The room temperature absorption spectra of Sm3þ (1 mol%)
doped glass and glass ceramic samples have been recorded and are
shown in Fig. 4. The absorption bands of these ions are assigned to
the internal 4f–4f electronic transitions. The strongest absorption
peak of Sm3þ ion was observed at 402 nm corresponds to 6H5/2-
6P3/2, 4F7/2, 4L13/2 transitions. Both the spectra consists of at least
17 peaks and assigned due to transitions from ground state 6H5/2
to different excited states viz. 6F1/2 (1584 nm); 6H15/2 (1517 nm);
6F3/2 (1471 nm); 6F5/2 (1370 nm); 6F7/2 (1224 nm); 6F9/2 (1077 nm);
6F11/2 (937 nm); 4F3/2 (562 nm); 4G7/2 (501 nm); 4I9/2, 4M15/2
(489 nm); 4I11/2 (473 nm); 4I13/2 (463 nm); 4M17/2, 4G9/2, 4I15/2
(438 nm); 4M19/2, 6P5/2 (415 nm); 6P3/2, 4F7/2, 4L13/2 (402 nm);
4H11/2, 4M21/2, 4M15/2 (389 nm); 4D1/2, 6P7/2, 4L17/2, 4K13/2, 4F9/2
(374 nm); 4D3/2, 4D5/2, 6P5/2 (361 nm); and 4D7/2, 4H7/2 (344 nm)
spanning in UV–NIR region. It is to be noted that it is difﬁcult to
observe well separated transitions due to broadened transitions in
glassy nature of the host. Even though in glass–ceramic sample, in
which transitions are relatively sharper, it is difﬁcult to observe
well separated transitions as the amount of glass is much more
than crystalline. Though, peaks were clearly observable in absorp-
tion spectra of both types of samples, peak intensity in ceramic
samples are slightly intensiﬁed causing better visibility of peaks.
Improvement in absorbance reﬂects changes in bonding para-
meters in microenvironment around doped Sm3þ ions.
One way to estimate change in microenvironment around
doped Sm3þ ion, is to calculate variations in phenomenological
parameters based on the Judd–Ofelt (J–O) theory [27] which is
widely being used for quantitative characterization of 4f–4f optical
transitions. The J–O model basically describes the perturbation of
the 4fn states by opposite parity 4fn1 5d on the basis of three
parametersΩλ¼2,4,6 [28]. Since the admixing of the 4fn states in Ln
ion is the function of local crystal ﬁeld, symmetry, bonding nature
etc, J–O parameters in turn yield information on the local interac-
tions of Ln3þ with the surrounding environment. This theory
allows the calculation of oscillator strengths, J–O intensity para-
meters and radiative parameters from the measured absorption
spectra. Experimental and theoretical oscillator strength was
measured using relations mentioned in Ref. [24] A least square
ﬁtting approach was used to determine Ωλ parameters, which
gives the best ﬁt to the experimental values. J–O intensity para-
meters for Sm3þ in glass and heated glass are shown in Table 1.
According to the J–O theory, Ω2 is known to be related to the
asymmetry or polarization of the local structure and the covalence
of chemical bonds formed by Ln ions, while Ω4 and Ω6 appear to
be more complicated but seem to reﬂect the degree of distortion of
coordination polyhedral that are inﬂuenced by the changes in
viscosity or rigidity of a host medium [29]. For the as-synthesized
and annealed samples, theΩλ parameters follow the similar trend
as Ω24Ω44Ω6. The larger value of Ω2 for annealed sample
demonstrates increasing the volume fraction of BaB4O7 crystals. As
stated earlier especially the Ω2, depend on the asymmetry and
covalence of Ln ion sites in host i.e. value of Ω2 increases with
increasing site distortion of Ln ions and with increasing covalent
character of Ln–O bonds. Slight change in Ω2 is expected due to a
Fig. 3. X-ray diffraction patterns of the as prepared barium borate glass (A), GC15
(B) and the reference pattern.
Fig. 4. UV–vis absorption spectra of 1 mol% Sm doped glass and glass–
ceramics GC15.
Table 1
A comparison of J–O intensity parameters (1020) cm2 for as made glass and
heated glass with other hosts.
Sample Ω2 Ω4 Ω6 Tendency References
Present glass 6.82 6.2 3.9 Ω24Ω44Ω6 Present work
GC15 7.1 6.3 4.1 Ω24Ω44Ω6 Present work
Aqua ion 0.90 4.10 2.70 Ω44Ω64Ω2 [30]
(LiO2)(B2O3)(WO3) glass 6.5 4.65 2.5 Ω24Ω44Ω6 [31]
Germanate glass 6.48 4.95 3.18 Ω24Ω44Ω6 [32]
Borate glass 6.36 6.02 3.51 Ω24Ω44Ω6 [32]
Phosphate glass 4.31 4.28 5.78 Ω64Ω24Ω4 [32]
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lower symmetrical microenvironment around Sm3þ ions which
may happen when ion experience asymmetrical crystalline ﬁelds
at more distorted site. This result shows that only a minor fraction
of Sm3þ ions are inside the crystalline environment while the
major amounts of Sm3þ ions are remain near the crystalline
surface. However, to conclude further more experimentation
required. It is expected that the increase in the covalence of
Sm–O bond also contribute to the increase in the value of Ω2.
Parameter Ω6 is a measure of rigidity of the medium, which is
related to the mean force constant of the Ln–O bond. In our case
value of Ω6 parameter increases which shows higher force con-
stant consequently stronger band strength (Sm–O) in the annealed
sample.
The calculated oscillator strengths (fcal) and phenomenological
parameters Ωλ, which in turn form the basis for the calculation of
other spectroscopic quantities such as radiative transition prob-
ability, branching ratio, radiative lifetime, etc. using the relations
given in literature [24]. Radiative parameters have been calculated
for glass and GC15 and tabulated in Table 2 and it can conclude that
the either radiative properties were similar or slight higher in GC15
sample. It is seen that among the different transitions from 4G5/2,
the branching ratio for hypersensitive transition 4G5/2-6H9/2 tran-
sition improve much from 21.0% in glass to 21.6% in GC15. Radiative
lifetime of 4G5/2 level is slightly decrease (2.02 to 1.85 ms), in GC15,
due to improved overall transition probability.
3.3. Photoluminescence characterizations
Photoluminescence properties of the glass and glass ceramics
were explored on two different non-resonant laser excitations
i.e. 532 and 355 nm. Photoluminescence spectra on 532 nm laser
excitation are given in Fig. 5, which consists of several sharp peaks
at 562.3, 599, 646, 704, and 787 attributed to the 4G5/2-6Hj (j¼
5/2, 7/2, 9/2, 11/2 and 13/2) transitions. The strongest emission
peak, in glass and glass–ceramic samples, is at 599 nm. Concen-
trations of Sm ions have been optimized with the emission
intensity of 599 nm peak and it was found that the concentration
quenching effect is observed beyond 1.25 mol%. Concentration
quenching is presumed to be due to energy migration to the
impurities or defects [30].
Emission peak intensity of Sm3þ ion was found to increase on
annealing however a signiﬁcant reduction was noted for samples
heated 415 h. When samples were heated for 415 h it became
opaque, due to precipitation of larger crystallites which signiﬁ-
cantly scattered and henceforth reduced penetration of incident
radiation into the sample. Reduced effective penetration depth of
incident radiation causing less number of excited Sm ions in laser
path and consequently reduced emission intensity. The integrated
intensities of Sm3þ ion peaks are almost two times higher in GC15
compared to glass.
When glass and glass–ceramic samples were shine with 355 nm
radiation it yields brighter red/orange emission in comparison with
532 nm excitation at identical laser irradiations [Fig. 6].
Unlike 532 nm excitation spectrum, both types of samples emit
few new and intense transitions spanning in the range of 400–
950 nm. However, a clear distinction between spectra can marked
as several Stark's components appears in heated sample, owing
the (2Jþ1)/2 relation, those were hardly visible in case of glass due
to existence of multiple Sm3þ sites. In case of glass the usual
emission spectrum was noted, as it was on 532 nm excitation,
except a weak peak at 920 nm. On the other hand, several peaks
were also marked due to transitions from 4K11/2, 4F7/2, 4P3/2-6H5/2
(407 nm); 4M17/2, 4G9/2, 4I15/2-6H5/2 (440 nm); 4G7/2-6H5/2
(492 nm); 4F3/2-6H5/2, 4G7/2-6H7/2 (529 nm); 4G5/2-6Hj [j¼5/2
(545.5, 558.7, 569.7 nm); 7/2 (584.7, 597.2, 606.4, 614.6, 624.8 nm);
9/2 (644, 652.4, 654.8, 665, 683 nm); 11/2 (694, 700.8, 711.6, 692.6,
733.4 nm); 13/2 (772.1, 783.1, 795.4, 813.3, 824.3 nm); 15/2
(863.6 nm)]; 4G5/2-6F3/2 (894.2 nm); 6F5/2 (920 nm) transition.
Further, the Full Width Half maximum (FWHM) of the band is
signiﬁcantly reduced (Δλ 208 cm1 for 4G5/2-6H7/2 transition)
Table 2
Calculated radiative parameters: radiative probability (A¼AedþAmd, s1), branch-
ing ratio (βR) %, radiative lifetime (ms) for Sm doped glass and GC15 samples.
Transitions 4G5/2- Glass GC15
Radiative probability Radiative probability
Aed Amd A βR (%) Aed Amd A βR %
6F11/2 1.2 0.0 1.2 0.2 1.2 0.0 1.2 0.22
6F9/2 1.6 0.0 1.6 0.32 1.7 0.0 1.7 0.32
6F7/2 5.6 2.0 7.6 1.48 6.0 2.0 8.0 1.48
6F5/2 9.2 6.3 15.5 3.1 10 6.4 16.4 3.1
6F3/2 3.4 6.8 10.2 2.0 4.0 7.2 11.2 2.1
6F1/2 1.0 0.0 1 0.2 1.0 0.0 1.0 0.19
6H13/2 8.3 0.0 8.3 1.7 8.5 0.0 8.5 1.6
6H11/2 95.2 0.0 95.2 19.1 103 0.0 103 19.1
6H9/2 104 0.0 104 21.0 117 0.0 117 21.6
6H7/2 217.8 0.0 217.8 44 238 0.0 238 44
6H5/2 6.2 26 32.2 6.6 7 28 35.0 6.5
Total radiative probability 494.6 541
Radiative lifetime (ms) 2.02 1.85
Fig. 5. Photoluminescence spectra of glass and glass–ceramics (GC15) on 532 nm
laser excitations. Variation in integrated area under 599 nm peak with Sm3þ ion
concentration is given in the inset.
Fig. 6. Photoluminescence spectra of glass and glass–ceramics on 355 nm laser
excitations. Inset ﬁgure shows the visual perception of the sample with 355 nm
laser intensity 10 W/cm2.
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in GC15 clearly indicates the Sm3þ ions were occupy identical sites
on annealing.
Observation of comparably strong emission on 355 nm excita-
tion is related to oscillator strength of the corresponding level.
When doped samples were excited with 28,170 cm1 (355 nm)
photons it bring population in closely spaced energy levels 4D3/2,
4D5/2, 6P5/2 which oscillator strength is 137 times higher than
4F3/2 level, in which 532 nm radiation absorb. [31] Excited Sm3þ
ion rapidly relax to lower energy levels through nonradiative
process. Population reached in 4K11/2, 4F7/2, 4P3/2; 4M17/2, 4G9/2,
4I15/2; 4G7/2; 4F3/2; 4G7/2; 4G5/2 levels then depopulate radiatively to
low lying energy levels 6Hj, 6Fj and simulate bright reddish/orange
perception. Commission International de-Eclairage (CIE) chroma-
ticity coordinates were estimated in glass and GC15 samples and
found to be (0.58, 0.35) and (0.6, 0.35), respectively.
Among the bands observed in the emission spectrum 4G5/2-6H5/2
(561 nm) transition involves ΔJ¼0 and is of magnetic dipole
character, its intensity is independent of the matrix and can be used
as reference transition while the 4G5/2-6H9/2 (644 nm) transition
is of purely electric dipole character ΔJ¼2 which is sensitive to
surroundings of the active ions termed as hypersensitive transitions.
The integrated emission intensity ratio of magnetic dipole transition
to that of hypersensitive transition i.e. 4G5/2-6H9/2/G5/2-6H5/2 (ΔR)
could be used as probe for the change in microenvironment around
the Sm3þ ions. Its value in the case of glass is 2 and 2.9 in case of
ceramic sample. From this we report 45% enhancement in emission
intensity ratio as we go from glass to GC15 sample, indicating
signiﬁcant increment in electric dipole transition due to more
distorted symmetry around Sm3þ ion, which is similar to the result
conclude from the J–O model.
The luminescence intensity pattern observed in the spectrum is
the combine effect of both, the Sm3þ ions in residual glass as well
as in the crystal. It has been demonstrated earlier that under
reasonable approximation Sm3þ ion can substitute Ba2þ site in
BaB4O7, even though since all the Sm3þ ions were not in crystal-
line environment and most of the ions may either close to
crystalline surface or remain in glassy phase [32–34]. Sm3þ ions
those were close to the surface of crystallites would face more
distorted site symmetry compared to those in the bulk that lie in
the monoclinic sites [35]. Lower symmetry improves electric
dipole transition probability, which appear in terms of improve
peak intensity ratio (ΔR). Since monoclinic α-BaB4O7 crystal is a
non-centrosymmetric crystal hence it is expected that the sur-
roundings of the Sm3þ ions do not have exact inversion symmetry,
therefore the parity selection rule will be partially released,
resulting in a predominant sharp electric dipole transition.
3.4. Decay curve analysis
Decay curves of 4G5/2-6H7/2 transition at different concentra-
tions and annealing temperatures are given in Figs. 7 and 8. The
lifetime values were estimated taking ﬁrst e-folding time of the
decay curve. The decay curves of 4G5/2-6H7/2 transition in glass
samples are found to be mono-exponential till 1.25 mol% concen-
tration, however beyond this concentration curves become non-
exponential. The lifetime values calculated for 0.25, 0.5, 1 and
1.25 mol% Sm3þ are found to be 1.570.01, 1.4270.03, 1.3270.01
and 1.2270.01 ms. However, for 1.5 and 1.75 mol% Sm3þ contains
a fast and a slower component which ﬁt to 0.25þ0.75 and
0.4þ2.35 ms.
Appearance of fast term in the curve shows the energy
bypassed which is expected due to efﬁcient ion-ion interactions
at higher concentrations. In a glassy system, it can be conceived
that the distribution of doped Ln ions may aggregate even at a low
concentration due to larger Ln atomic size consequently limited
ionic solubility. Due to aggregation various energy bypass channels
may open through radiatively/nonradiatively or by exchanging
energy with another ion which appears in form of a non-
exponential decay curve. At higher concentrations, several emis-
sion quenching processes come into play in term of nonradiative
energy transfer, cross-relaxation process etc. According to the
literature reports [36], the concentration quenching occurs due
to the efﬁcient cross-relaxation between the two neighbouring
Sm3þ ions by reducing the ionic separation at higher concentra-
tions. Once the distance is shorter than the critical value, the
energy is more likely to transfer from one activator to another and
eventually reaches at a quenching site, rather than being released
from individual activators in the form of light emission. One can
notice a signiﬁcant difference between lifetime values calculated
from radiative probability (2.02 ms) and experimentally measured
(1.22 ms), which is due to involvement of multiphonon relaxation.
Expecting negligible cross-relaxation at lower (0.25 mol%) con-
centration, the cross-relaxation rate WCR can be estimated from
following relation: WCR ¼ 1=τeff ðxÞ1=τeff ð0:25 mol%Þ where x is
the concentration of Sm3þ ion 40.25 (mol%). The variation in cross
relaxation rate from 0.25-0.75 mol% Sm concentration is 38 s1
only, while it increases to 102, 153 and 685 s1 for concentrations 1,
1.25 and 1.5 mol%, respectively. The cross-relaxation process would
take place since the energy of transitions 4G5/2-6Fj (11/2, 9/2, 7/2,
5/2) matches well with the energy of transitions 6H5/2-6Fj (j¼5/2,
7/2, 9/2 and 11/2) [37].
Fig. 7. Semi log plot of decay curves of 4G5/2-6H7/2 transition at different Sm3þ
concentrations in glass samples.
Fig. 8. Semi log plot of decay curves of 4G5/2-6H7/2 transition at different
annealing time intervals at a ﬁxed Sm3þ concentration (1.25 mol%).
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We monitor effect of annealing at a ﬁx 540 1C temperature for
different time intervals on decay of 4G5/2-6H7/2 transition [Fig. 8].
Decay curves till 15 h heating, ﬁt mono-exponentially but lifetime
value reduces from 1.22 ms, in glass, to 1.20 and 1.16 ms in GC10
and GC15 samples. Reduction in lifetime value maybe correlated
with improved transition probability of Sm3þ ions in ceramic, as
shown in Table 2. However decay curves are no more mono-
exponential when samples were heated 420 h. Decay curve was
ﬁt with bi-exponential function with lifetime values 0.08 ms and
1.12 ms for GC20 and for GC24 sample it was found to be non-
exponential. When the glass sample was annealed, tiny BaB4O7
crystals were nucleated in borate matrix and under thermal
simulation Sm3þ ion also occupy Ba2þ ion site. In samples heated
for 415 h, effective interaction between Sm3þ ions occurs due to
increasing number of Sm3þ in crystals, which may open several
energy bypass routs and resulting biexponential and nonexpo-
nential decay curves.
The quantum efﬁciency can deﬁne by the relation: η¼ τexp=τ0
where τexp is the experimentally determined lifetime of the level,
τ0 is the radiative lifetime calculated by the Judd–Ofelt analysis.
We found that the quantum efﬁciency increases from 60.4% in
glass to 62.7% in ceramic. Stimulated emission cross-section is one
of the important radiative parameters to estimate possibility to
ﬁnd lasing action in material. Stimulated emission cross-sections
(σp) in glass and heated samples were evaluated using the
relation: σp ¼ λ4p=8πcn2Δλpτm where c is the velocity of light, n
is the refractive index, λp is the emission peak wavelength,Δλp the
effective peak widths of the emission band, τm is the measured
lifetime. Effective peak widths Δλp was estimated from the
relation
R
Idλ=I where I is the peak intensity. Using σp value gain
bandwidths ðσp ΔλpÞ and optical gain ðσp  τmÞ were also
estimated and tabulated in Table 3. Signiﬁcant increment in σp
value in case of ceramic samples and even larger than the values
reported for other type of glasses [10,38] speculates potential
application of such materials as active material in laser and would
be an attractive topic for future research.
4. Conclusions
In summary, a research report on synthesis and spectroscopic
analysis of BaB4O7 microﬁber doped with Sm3þ ions was pre-
sented. Two step annealing process of borate glass induce crystal-
lization preferably on surface which effectively alter spectroscopic
properties. J–O model together with emission analysis clearly
indicate change in microenvironment around Sm ion. Laser induce
emission was analysed on 532 and 355 nm excitations and at least
a two fold emission enhancement was reported in ceramic sample
than the glass counterpart. Time resolved analysis explores signiﬁ-
cant alteration in excited state relaxation process due to annealing.
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Table 3
Variations in stimulated emission cross-sections (σp), gain bandwidths (Δω) and
optical gain in glass, GC10 and GC15 samples.
Transition
4G5/2-
σp (1020) Δω (1027) Optical gain
(1023)
Glass GC10 GC15 Glass GC10 GC15 Glass GC10 GC15
6H5/2 0.75 0.79 0.90 8.81 8.83 9.63 0.47 0.47 0.48
6H7/2 0.40 0.54 0.99 5.85 5.74 6.00 0.48 0.65 1.13
6H9/2 0.70 0.90 2.05 11.63 11.77 14.31 0.58 0.71 1.33
6H11/2 5.43 5.34 6.84 126.45 120.61 147.67 0.59 0.59 0.61
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